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Introduction
Articular cartilage (AC) is a specialized tissue that enables joint articulation, lubrication and mechanical loading. It is a biological macromolecular fiber composite material that withstands high tensile, shear and compressive strains while providing very low-friction properties (1) . The cartilage cells, the chondrocytes, are the tissue's only resident cell type. They are sparsely distributed across an extra-cellular matrix (ECM) which they maintain. The major structural components of the ECM are a network of collagen fibers and the proteoglycans, which together are the main contributors to AC mechanical properties (1) . Its overall layered structure consists of four zones, the most superficial zone, constituting the AC surface, the superficial, middle and deep zones (1-3) ( Fig. 1 ). Joint lubrication (4) and structural adaptations caused by variations in the biomechanical environment primarily occur in the superficial zone (5) .
Osteoarthritis (OA), the most common joint disorder, is a degenerative disease of the whole joint, for which no preventive or therapeutic biological interventions are available (6, 7) . OA is characterized by AC degradation and subchondral bone sclerosis, followed by loss of AC and complete destruction of the joint. Research aiming at establishing a unified theory of the initial OA dysfunction has not been successful so far (6, 8) . The clinical diagnosis of OA relies on clinical symptoms and on imaging using x-ray and magnetic resonance imaging (MRI). No diagnostic or prognostic biomarkers are currently able to differentiate healthy vs early OA joints (9) . MRI scans can acquire morphological and biochemical data (10) but have not been able to statistically differentiate between healthy vs early OA (11) . Other approaches like high frequency ultrasound biomicroscopy, water jet ultrasound indentation and contact mechanical indentation in a controlled animal study (12) have not been successful in identifying early OA so far (13, 14) .
Atomic force microscopy (AFM) has been applied to characterize pathological changes of AC several times (15) (16) (17) (18) (19) (20) (21) . It has generally been accepted that AFM is capable of detecting and measuring local structural and functional changes of the AC surfaces (19) . Therefore, it can locally discriminate between healthy tissue and early OA at the AC surface (19) (20) (21) .
Fluorescence microscopy has been used in studies to characterize the spatial organization of superficial zone chondrocytes and for detecting early, preclinical OA (22) (23) (24) (25) (26) . However, so far it has not been known whether the differences in chondrocyte organization within the superficial zone of AC are related to the nanomechanical changes observed in early OA. If so, the next question would be if chondrocyte spatial organization can be detected in vivo because this ability would facilitate clinically localizing early OA and estimating the impairment of AC surface nanoscale stiffness. Fig. 1 shows an overview of this study, which investigates the surface of AC with AFM indentation measurements and the chondrocyte organization of the superficial zone with fluorescence microscopy and finally demonstrates that the chondrocyte organization can be detected in vivo.
Fresh AC surfaces from human knee joints were horizontally dissected to a final thickness of 300 µm and then mounted in an AFM setup which was positioned on top of a fluorescence microscope platform (see Materials and Methods for details). This enables us to correlate the cantilever tip position, at which AFM indentation data was taken, with the recorded fluorescence microscopy images. AFM indentation experiments allowed us to extract the local stiffness, i.e. elastic moduli, of the samples (27) . traces were taken in a grid-like manner (force maps) to obtain an average elastic modulus in three regions of interest for each AC sample. The AFM experiments were carried out with a silicon cantilever and a spherical borosilicate glass particle tip having a radius of 5 (± 0.5) µm. The size of the colloidal particle was chosen to obtain sufficient local resolution while averaging the effects of various structural AC components such as collagen fibers and proteoglycans (see Note S1).
Results
Correlation between AFM-based stiffness and cellular spatial organization, an early OA biomarker Fig. 2A presents the elastic modulus measured with AFM of human AC from patients with clinical OA, using characterized stages of cellular spatial organization as marker of OA severity. We observe a significant drop in the elastic modulus from more than 200 kPa to less than 50 kPa in AC samples that contain chondrocyte double strings, the earliest identifiable organizational OA marker, compared to AC containing chondrocyte strings, representing AC with healthy cellular spatial organization ( Fig. 2B ). This indicates that a pronounced loss of AC surface nanoscale stiffness was detectable in those AC samples that were categorized as earliest OA stage, based on their distinct spatial patterns.
Prior to AFM measurements the AC samples were fluorescent-stained in order to categorize the samples and use the chondrocyte spatial organization as image-based biomarker. Categorization is based on our lifetime-summarizing model of the cellular spatial organization of a hypothetical human individual (26) , with the intention to use distinct stages of cellular spatial organization as a marker of OA severity. Fig. 2C presents representative fluorescence images of distinct stages of cellular spatial organization beneath the articular surface, namely strings, double strings, small clusters, clusters, and a diffuse arrangement (see Materials and Methods for sample preparation and classification). Studying the entire AC from a given patient, the AC can contain several stages of cellular spatial organization that vary locally. In this study, we utilized only AC samples that unambiguously displayed one pattern of cellular organization. However, this was not the case for the double string pattern, as strings are known to be interspersed with double strings, indicating an early OA pathology (24, 26) . The local elastic moduli of the AC surfaces (superficial zone) significantly correlate with the distinct stages of spatial chondrocyte organization (r S = −0.68; p ≤ 2•10 -7 ; number of force vs indentation measurements n = 17402; see Note S2 for details). Furthermore, Fig. 2A (and Note S3)
indicates that the patient's age plays a role in the magnitude of the overall decrease of the AC surface elastic modulus: moduli from younger patients remain higher for a given chondrocyte organization.
Detection of OA stages by clinically applicable confocal laser-endomicroscopy
The above presented results demonstrate that changes in the nanomechanical properties of the AC surface and the OA-induced organizational patterns of superficial zone chondrocytes correlate with each other. Moreover, we are able to pinpoint a major loss of AFM-measured AC surface nanoscale stiffness to the earliest stage of OA, defined here by a specific stage of spatial organization. Based on these data, we envision detection of early OA AC areas with a functionally relevant impairment of AC surface nanoscale stiffness by assessing the cellular spatial organization of the superficial zone, as intra-operative non-destructive AFM measurements do not appear feasible.
In the following we assess probe-based confocal laser-endomicroscopy in this context as a potential tool for improving the currently available methodology to clinically detect early OA. Therefore, we stained chondrocytes of a selected AC explant (Fig. 3A) with calcein and the FDA-approved acriflavine (28) ex vivo directly after sample preparation on the day of joint-replacement surgery, followed by AC surface imaging (Fig. 3) . These experiments demonstrate that we were able to detect different stages of spatial organization of the joint surface chondrocytes, confirming its spatial heterogeneity and the ability of the chosen technology to uncover the tissue's organizational characteristics for diagnostic purposes. An estimation of local AC surface stiffness is possible using the above presented correlations between nanoscale stiffness and cellular spatial organization ( Fig.   3 ). Movie S1 and Movie S2 present an overview of the several stages that have been visualized within this sample. Chondrocytes stained with FDA-approved acriflavine (80 µM, 30 min, 37 °C) displaying a big cluster organization. On the basis of our data and given the age and gender of the patient (female, 68 years), we estimate that the local elastic modulus of the AC surface has decreased by 70 % in (B) and 85 % in (C) compared to AC with chondrocytes arranged in strings.
Discussion
By using a combination of fluorescence and AFM-based nanomechanical characterization we demonstrate that the detection of cellular spatial patterns in the superficial zone of AC in early OA correlates significantly with a loss of tissue functionality, namely a reduction of stiffness of the AC surface. This clearly demonstrates that nanomechanical data from human OA AC correlates with a histological score, in particular in early OA. More important, we demonstrate that AC samples categorized by their cellular spatial organization allow for a statistical discrimination between AC samples with intact vs impaired nanomechanical properties. This adds a valuable tool to study the early OA mechanisms because disease onset and progression as well as tissue mechanics can be monitored simultaneously and non-destructively at high resolution with probe-based confocal laser-endomicroscopy. This technique so far has not been used on any musculoskeletal tissues, but is instantly clinically, and more importantly, intra-operatively, applicable.
Endomicroscopy together with the above described correlations between nanoscale mechanics and organizational changes will not only enable clinicians to estimate functional joint surface integrity, but also allows them to monitor AC in animal studies and to diagnose earliest OA in controlled clinical trials, which is currently not possible. Specifically, this point appears valuable, as a series of disappointing late-stage terminations of clinical trials investigating potential disease-modifying OA drugs (DMOADs) has been recorded (29) and the design of OA trials has in recent years been a bigger challenge than the identification of novel targets (30) . Thus, the here introduced methodology adds a powerful tool for early OA diagnostics to the field. This will be particularly helpful for efforts to develop and test DMOADs, because the here introduced approach resolves the insensitivity of the currently available methods to detect early OA.
To discuss the here presented data in a mechanistic context, we speculate that repetitive mechanical trauma to the articular surface, known to lead to microstructural damage, might have contributed to inducing the here observed loss of elastic modulus of AC surface. In addition, this damage might release a proliferation-inducing growth factor such as FGF-2 which is released upon mechanical injury (31) to induce changes in the cellular spatial organization of human AC, as demonstrated in (26) .
Altogether, we provide in this study the necessary data and technical prerequisites to directly enter clinical studies and, therefore, translation of the here presented diagnostic proof-of-concept into the clinic. Macroscopically intact AC samples were removed from subchondral bone and processed into discs of 2 mm diameter using a biopsy punch (PFM Medical, Germany). The correct orientation of the discs was maintained at all times during further preparation and all experimental procedures. AC surface were horizontally dissected to a final thickness of 300 µm by removing the deeper zones (see Fig. 1 ). Fluorescent staining was performed with DAPI (1 µg ml -1 in PBS; Invitrogen, USA) for 10 min and subsequent washing with PBS. Discs were stored in PBS at 4 °C. Visualization and classification of horizontal chondrocyte patterns were performed 8 to 24 h after explantation. Discs were viewed top-down, i.e. perpendicular to the AC surface. Two-dimensional images capturing the entire cartilage disc were digitally recorded (Axio Observer, Axiocam 506, ZEISS, Germany; magnifications 10x, 20x) and displayed using the ZEN software (ZEISS, Germany). Visual classification was performed according to the sample's predominant type of chondrocyte organization in the superficial zone by two experienced researchers (23, 26) . Samples displaying the most unambiguous type of organization were selected for AFM measurements and stored at 4 °C.
Materials and Methods

Sample preparation and optical classification
Nanomechanical characterization
The AFM measurements were performed with an MFP-3D AFM (Asylum Research, an Oxford which force vs indentation curves were taken. These parameters were chosen such that almost the entire area of each force map was probed, given the typical contact area resulting from the radius of the spherical particle and the indentation depth. The samples were measured in a random order to avoid artefacts due to material aggregation on the cantilever tip. The trigger force, i.e. the maximum force that was exerted to indent the sample, was 500 nN. This resulted in a cantilever deflection of approx. 150 nm and a maximum indentation depth of 1 to 6 µm, i.e. 0.3 to 2% of the sample thickness. The indentation depth was chosen to be small compared to the sample thickness (32, 33) . Force data was analysed in Igor Pro (Wave Metrics, USA) using custom-written software applying the Hertzian contact model (see Note S4). All statistical tests were performed using SigmaStat 12.5 (Systat Software, USA). For details on data analysis see below.
AFM calibration
Calibration of the AFM cantilever was performed before and after each measurement cycle allowing a conversion of cantilever deflection into force by applying Hooke's law: first, the inverse optical lever sensitivity (InvOLS) was determined by indenting the cantilever tip into a hard substrate (silicon oxide). Thus, a conversion of the voltage signal from the AFM photodiode into a cantilever deflection could be performed. The spring constant of the cantilever was determined via the thermal noise method (34, 35) .
Data analysis and elastic modulus calculation
Force data was analysed in Igor Pro (Wave Metrics, USA) using custom-written software. The elastic modulus E for a spherical cantilever tip was computed applying the Hertzian contact model given by eq. 1 (36, 37) to the contact region of force extension vs indentation curves:
where F is the indentation force, ν is the Poisson's ration of the sample (ν = 0.5 for AC (38) ), R is the radius of the indenter sphere and δ is the indentation depth (δ ≤ 1 µm).
The Hertzian contact model considers the deformation of an indenting spherical object and a half space with a finite contact area under compression. The model is valid for homogeneous and isotropic materials. Furthermore, it demands the indentation depth to be small compared to the diameter of the ball and no hysteresis side-effects should occur. The maximum indentation depth was less than 2% of the sample thickness, therefore Bueckle's indentation depth limit of 10% of the sample thickness was not exceeded (32, 33, 39) . See paragraph "Application of the Hertz model" below for a test and discussion of the other assumptions.
Statistical analysis
All tests were performed using SigmaStat 12.5 (Systat Software, USA). The errors correspond to the standard deviation of n individual measurements, regions of interest (ROIs) or patients. The significance of differences was tested using ANOVA on ranks (40) and Dunn's post-hoc-test (41) . Additionally, differences between data from samples with string and double string organizations were tested using a two-sample t-test (42) . Correlation analysis was performed using Spearman's rank order test (43) . The resulting correlation coefficient r S can take values from −1 to 1 corresponding to perfect negative or positive Spearman correlations, respectively. Differences and correlation were considered significant at p ≤ 0.05, unless stated otherwise.
Ex vivo probe-based confocal laser-endomicroscopy
Native and macroscopically intact tissue was obtained during arthroplasty. Chondrocytes were stained ex vivo with calcein (10 µM, Invitrogen, USA) and acriflavine (80 µM, Sigma-Aldrich, USA) for 30 min at 37 °C. Samples were imaged with a probe-based confocal laserendomicroscope (44) (Cellvizio, Mauna Kea, France).
Optical biopsy: Movie S1
This movie shows an optical biopsy of macroscopically intact human AC derived from a knee joint of a joint replacement patient and tissue donor diagnosed with clinical OA (see Fig. 3A ).
Chondrocytes were stained ex vivo with calcein. Samples were imaged with a probe-based confocal laser-endomicroscope (Cellvizio, Mauna Kea, France). Calcein-stained chondrocytes display different stages of healthy adult and OA-related chondrocyte organization in the superficial zone.
Optical biopsy: Movie S2
Chondrocytes were stained ex vivo with acriflavine. Samples were imaged with a probe-based confocal laser-endomicroscope (Cellvizio, Mauna Kea, France). The first part of the video shows acriflavine-stained chondrocytes displaying an OA-related stage of chondrocyte organization in the superficial zone (big clusters; 0 to 22 s). Following this, a second region was imaged lacking chondrocytes and thus only displaying the autofluorescence of the AC surface (22 to 27 s). Finally, the probe of the endomicroscope was moved back towards a region showing stained chondrocytes.
